We present the first phase-coherent measurement of a braking index for the young, energetic and high magnetic field pulsar, PSR J1846−0258, located at the center of the supernova remnant Kes 75. We present two consistent timing solutions from a phase-coherent timing analysis over 2 yr and a partially phasecoherent timing analysis of 6 yr of widely spaced data obtained with the Rossi X-ray Timing Explorer . Our measured value of the braking index, n = 2.18±0.07, is significantly less than 3, the value expected from magnetic dipole radiation, implying another physical process must contribute to the pulsar's rotational evolution. Based on the new braking index measurement we place an upper limit on the spin-down age of PSR J1846−0258 of <1200 yr. If PSR J1846−0258 was born with a spin frequency comparable to its present value, its true age could be significantly smaller than this estimate.
Introduction
The measurement of pulsar braking indices (n) is crucial to the understanding of the physics underlying pulsar spin down, assumed to be of the formν ∝ −ν n , where ν is the pulse frequency andν is the frequency derivative. By taking a time derivative of the above spin-down equation, we find that n = νν/ν, whereν is the second frequency derivative. Typically, the assumption of perfect magnetic dipole radiation is made, implying n = 3. This assumption is necessary for the estimation of pulsar magnetic fields that are calculated assuming n = 3, as well as to calculate characteristic ages (defined for n = 3) for the large majority of pulsars for which n is not measurable. However, of the five unambiguous measurements of pulsar braking indices obtained so far, all yield a value of n < 3 (Lyne et al. 1993 (Lyne et al. , 1996 Camilo et al. 2000; Livingstone et al. 2005b,a) . Explanations for this discrepancy include the possibility that the relativistic pulsar wind affects the spin-down (Michel & Tucker 1969) , that the pulsar may suffer propeller torque from a putative supernova fallback disk (Menou et al. 2001) , or that the pulsar has a time-varying magnetic moment (Blandford & Romani 1988) . One intriguing possibility is that there is a radius larger than the physical neutron star radius that has the stellar dipole field 'frozen in', extending the effective radius of the neutron star significantly and leading to 2 < n < 3 (Melatos 1997) .
There are few sources that are potential candidates for a significant measurement of n; 4 of the 5 values of n are from sources less than 2000 yr old. The first requirement for a significant measurement of n is that the pulsar spin down sufficiently quickly for a measurement ofν and thus n in a few years. The second requirement is that the spin-down must not be seriously affected by glitches, sudden spin-ups of the pulsar, or timing noise, a long-term, low-frequency stochastic wandering of the rotation about the overall trend. Typically, glitches begin to seriously affect smooth spin down when pulsars are 5 − 10 kyr (McKenna & Lyne 1990) . Thus many of the pulsars that may spin down fast enough for a measurement of n are irretrievably contaminated by glitches (e.g. Mereghetti et al. 2002) . Timing noise varies from object to object, though is roughly correlated with spin-down rate (e.g. Arzoumanian et al. 1994 ) and can prevent a measurement of n in an unpredictable way.
In 2000, the very young, energetic and high-B field pulsar PSR J1846−0258 was discovered at the center of the supernova remnant Kes 75 (Gotthelf et al. 2000) . Its characteristic age, calculated assuming n = 3, is τ c = ν/2ν = 723 yr, is the smallest of all rotationpowered pulsars. Its large magnetic field B ∼ 5 × 10 13 G, places it in an emerging class of rotation-powered pulsars with magnetar-strength fields (e.g. Kaspi & McLaughlin 2005) .
In this paper, we present the first phase-coherent timing solution for the Kes 75 pulsar based on 2 yr of X-ray timing data from the Rossi X-ray Timing Explorer (RXTE ). We also present a partially phase-coherent timing solution for 6 yr of RXTE data, obtained from a long-term monitoring campaign of the pulsar with RXTE . Both timing solutions result in a measurement of n = 2.18 ± 0.07, significantly less than that expected from pure magnetic dipole radiation (n = 3).
RXTE Observations and Analysis
Observations of PSR J1846−0258 were obtained using the Proportional Counter Array (PCA; Jahoda et al. 1996) on board RXTE . The PCA consists of an array of five collimated xenon/methane multi-anode proportional counter units (PCUs) operating in the 2 -60 keV range, with a total effective area of approximately 6500 cm 2 and a field of view of ∼ 1 o FWHM. We used 6 yr of RXTE observations collected in "GoodXenon" mode, which records the arrival time (with 1-µs resolution) and energy (256 channel resolution) of every unrejected event. Typically, 3 PCUs were operational during any observation. We used all layers of each operational PCU in the 2-60 keV range, as this maximizes the signal-to-noise ratio for this source. We analyzed 171 observations, resulting in 158 detections of the pulse for a total integration time of 1213 ks. The data were unevenly spaced throughout the 6 yr of observations, as shown in Figure 1 .
Because PSR J1846−0258 was occasionally not the primary target of RXTE in the observations we have used, integration times ranged from ∼1.5 to >25 ks, resulting in a variety of signal-to-noise ratios for individual pulse profiles. The observations were reduced using standard FITS tools as well as specialized software developed independently. Data from the different PCUs were merged and binned at 1/1024 ms resolution. Photon arrival times were corrected to barycentric dynamical time (TDB) at the solar system barycenter using the J2000 source position RA = 18 h 46 m 24. (Gotthelf et al. 2000) and the JPL DE200 solar system ephemeris. We determined an initial ephemeris by merging adjacent short observations and performing a periodogram analysis that resulted in a set of frequency measurements spanning the 6-yr monitoring interval. From these measurements, we derived an initial frequency derivative. This ephemeris was used to fold each time series with 16 phase bins. Resulting profiles were cross-correlated in the Fourier domain with a high signal-to-noise ratio template created by adding phase-aligned profiles from all observations. We implemented a Fourier domain filter by using the first 6 harmonics in the cross-correlation. This produces an average Time of Arrival (TOA) for each observation with typical uncertainty 10.3 ms (∼ 3% of the pulse period). TOAs were fitted to a timing model (see §2.1 and §2.2) using the pulsar timing software package TEMPO 1 . After phase-connecting the data, we re-folded the profiles using the improved ephemeris to obtain more accurate TOAs (see §2.1).
Phase-coherent Timing Analysis
To determine spin parameters for PSR J1846−0258, we obtained a phase-connected timing solution for 2 yr of X-ray timing data spanning 2000 January 31 to 2001 November 24, and including 70 observations. Although the total data set spans 6 yr, the sampling of the observations, which includes large gaps, precludes a phase-coherent timing solution over the entire interval. For the 2 yr data subset, we accounted for each turn of the pulsar by fitting TOAs to a Taylor expansion of pulse phase, φ. At time, t, φ can be expressed as:
where the subscript 0 denotes a parameter evaluated at the reference epoch, t 0 . TOAs and initial parameters are input into TEMPO, which gives as output refined spin parameters and residuals.
We used our initial ephemeris (described in the previous section) to bootstrap a phasecoherent solution. Phase residuals for the connected data are shown in Figure 2 , in which ν, ν andν are fitted in the top panel. Note that the systematics remaining in the data are likely the result of timing noise, common among young pulsars, rather than some deterministic process. Timing noise processes are known to contaminate measured spin parameters, hence it is typically advisable to remove the systematics from the residuals by fitting additional frequency derivatives until the residuals are consistent with Gaussian noise (e.g. Kaspi et al. 1994) . We therefore fitted two additional frequency derivatives, shown in the bottom panel of Figure 2 . Resulting timing parameters are shown in Table 1 . This solution results in a braking index of n = 2.18 ± 0.08. Manifestly, no glitches of magnitude larger than ∆ν/ν ∼ 5×10 −10 (smaller than any reported glitch) occured in the 2 yr of fully phase-coherent timing.
Partially Phase-coherent Timing Analysis
In order to make better use of the 6 yr time baseline of the available RXTE data, as well as to mitigate the effects of timing noise, we also performed a partially phase coherent analysis. This was done by phase-connecting closely spaced observations to obtain a local measurement of ν, thus accessing observations that were too isolated in time to contribute to the fully phase-coherent analysis. This was repeated where allowed by data sampling for a total of 22 independent measurements of ν, shown in the top panel of Figure 3 . There is no evidence for any strong glitches over the 6 yr of observations, ie. no sudden jumps in ν were detected, or changes inν (observable by a change in slope). We fitted a weighted quadratic function to the data to measureν andν. We found significant signals corresponding tȯ ν = −6.70945(6) × 10 −11 s −2 andν = 3.14(2) × 10 −21 s −3 , resulting in a braking index of n = 2.18 ± 0.07, in agreement with the fully phase-coherent solution valid over a subset of the data used here. Frequency residuals are shown in Figure 3 , withν fitted in the middle panel; the bottom panel shows residuals withν also fitted. All timing parameters from the partially phase-coherent solution are shown in Table 1 .
ASCA and BeppoSAX Observations
In order to check the validity of our RXTE analysis, we re-analyzed the timing signal in two archival observations of the supernova remnant obtained with the Advanced Satellite for Cosmology and Astrophysics (ASCA) observatory (Tanaka et al. 1994) . Details of the first observation (1993 October) can be found in Blanton & Helfand (1996) and Gotthelf et al. (2000) , while details of the second observation (1999 March) are described in Vasisht et al. (2000) . Using the prescription in the ASCA Data Reduction Guide 2 and standard FITS tools, we extracted photons from the two gas-imaging spectrometers (GISs) in the 3 -8 keV range from a 4 ′ radius surrounding the source. We chose this energy range in order to preferentially select photons from the pulsar rather than from the supernova remnant. We adjusted photon arrival times to the solar system barycenter and then performed a periodogram analysis on the event data centered on the pulse frequency predicted by our RXTE ephemeris. We folded the data with 10 phase bins and detected a weak pulse in each observation. We generated a χ 2 periodogram in frequency space and identified the peak ν. To determine the uncertainty in the measured frequencies, we performed a Monte Carlo simulation that created fake data sets containing a periodic signal (at the ν and amplitude determined from the periodogram) and Poisson noise. A periodogram was then performed on each noisy fake data set and the best ν recorded. We performed 500 iterations for each observation and took the standard deviation as the 1σ uncertainties on our ν measurements. Using this method, we determined that for the 1993 October observation, ν = 3.094517(2) Hz and for the 1999 March observation, ν = 3.082855(3) Hz.
To verify our RXTE analysis, we compared the above ASCA-measured frequencies, as well as two 1999 BeppoSAX timing observations reported on by Mereghetti et al. (2002) , with the RXTE ephemeris prediction. Both BeppoSAX ν measurements agree with our ephemeris within uncertainties (Figure 4) . The 1999 ASCA measurement agrees well with our ephemeris prediction. The 1993 ASCA measurement, however, is 5σ from our prediction (Figure 4) . The RXTE ephemeris under-predicts ν. This is not easily explained by a conventional spin-up glitch. However, it could be the result of timing noise. Unfortunately the lack of any observations in the 6-yr gap from 1993 to 1999 implies that the occurrence of any glitches or significant timing noise can be neither confirmed nor refuted.
Discussion
Establishing the true age of pulsars is important in several aspects of neutron star studies, including neutron star cooling, population synthesis, spatial velocity estimates, and to consider their associations with supernova remnants. Based on spin-down properties alone, the true pulsar age is impossible to determine, however, we can consider an age estimate based on the standard spin-down model (ν ∝ −ν n ) given our measurement of n. Integrating this model yields
Assuming that the initial spin frequency was much larger than the current value, ν 0 >> ν, the age estimate becomes
However, since the initial spin frequency is unknown, the above estimate provides an upper limit on the pulsar age. Therefore, assuming only that the braking index has remained constant over the lifetime of the pulsar, the upper limit on the age of PSR J1846−0258 is ∼1200 yr. Mereghetti et al. (2002) did an analysis similar to ours but based on a small subset of the data reported here. Although data gaps prevented them from a firm conclusion regarding n because of the possibility of glitches, their tentative estimate of n (made assuming no glitches nor substantial timing noise), n = 1.86 ± 0.08, is roughly consistent with our result.
The Crab pulsar, with a well established true age of 951 yr based on the historical record, provides the best available example for considering the age estimate of a young rotation-powered pulsar. The true age of the Crab pulsar is less than its characteristic age of τ c ∼ 1240 yr as well as less than its braking index spin-down age of τ ∼ 1640 yr, obtained assuming that its intial spin frequency was much larger than its current value. The discrepancy between the true age and the spin-down age estimates can be explained if the Crab pulsar was born spinning with an initial frequency of ν 0 ∼ 54 Hz (P 0 ∼ 18 ms), about twice its current spin frequency.
Like the Crab pulsar, PSR J1846−0258 may also be significantly younger than the upper limit of 1200 yr. For example, if PSR J1846−0258 is in fact the youngest rotation-powered pulsar, it would have to have been born with ν 0 ≃ 10 Hz (P 0 ≃ 100 ms or ∼1/3 of its current spin period), which is large, but not unreasonable given the possible large width of the distribution of birth spin frequencies (e.g. Faucher-Giguere & Kaspi 2005) . The question of the initial spin frequency of PSR J1846−0258 could be answered if the true age of the pulsar (e.g., from expansion measurements of the remnant) were determined. A true age for this pulsar would be particularly interesting since it could give the first direct evidence for a pulsar with a long spin-period at birth.
Our measured n = 2.18±0.07 is significantly less than 3, as is the case for all established values of n, as shown in Table 2 . There are several ideas for the nature of the deviation from the prediction of simple magnetic dipole braking. A time-varying magnetic moment could produce an observed n less than the true n 0 = 3 (Blandford 1994) . A varying Bfield can be verified with a measurement of the third frequency derivative, ... ν , which may or may not ultimately be possible with this source, depending on whether it displays glitches and/or significant timing noise. Presently, ... ν has been measured for two pulsars, both of which are consistent with a constant B (Lyne et al. 1993; Livingstone et al. 2005b) . Another suggested explanation is that a fallback disk forms from supernova material and modulates the spin-down of young pulsars via a propeller torque. However, this requires that the disk material not suppress the pulsed emission during the propeller phase, which is difficult to achieve (Menou et al. 2001) . Angular momentum loss due to a stellar wind would result in n = 1 (Michel & Tucker 1969) . Thus spin-down due to some combination of relativistic pulsar winds associated with young neutron stars and observed indirectly as pulsar wind nebulae (e.g. Roberts et al. 2003) , and magnetic dipole spin down may result in measured values n < 3. Melatos (1997) presented an intriguing solution to the n < 3 problem. He postulated that the radius pertinent to dipole radiation is not the physical neutron star radius, but a "vacuum radius", associated with the location closest to the neutron star where field aligned flow breaks down. Since this radius can be significantly larger than the neutron star radius, the system can no longer be treated as a point dipole and n = 3 is not necessarily true. His model provides a prediction for n, given three observables: ν,ν and α, the angle between the spin and magnetic axis. This model predicts that 2 < n < 3 for all pulsars and that n approaches 3 as a pulsar ages. Currently, there is no measurement of α for PSR J1846−0258. However, for the model to be consistent with our measured n within 3σ, α must lie between 3
• and 12
• . This is small but not unreasonable given the very broad pulse profile for this source. Future radio polarimetric observations could in principle constrain α, though at present, no radio detection of this source has been reported.
The measurement of n for PSR J1846−0258 brings the total number of measured braking indices to six, shown in Table 2 , along with ν,ν, τ , τ c , B dipole andĖ for each object. Comparing this new value to the other four measurements obtained via typical timing methods (i.e. excluding the Vela pulsar whose n was measured using a different method due to the large glitches experienced by this pulsar), we find no correlations between n and any of the other parameters. Particularly interesting is the case of the two longest period young pulsars, PSR J1846−0258 and PSR J1119−6127. Both pulsars have very high inferred magnetic fields and relatively lowĖ. However, they have very different values of n = 2.18 ± 0.07 and n = 2.91±0.05, respectively. Perhaps then, the value of n is connected to X-ray emission since PSR J1846−0258's X-ray emission is dominated by non-thermal emission and has a broad pulse profile (Gotthelf et al. 2000) , while PSR J1119−6127's emission is thermal (Gonzalez et al. 2005) . In addition, the two pulsars have very different plerionic properties, which could indicate that the pulsar wind modulates the spin-down of the pulsar. The pulsar wind nebula of PSR J1846−0258 is much brighter than that associated with PSR J1119−6127. Perhaps the wind of PSR J1846−0258 is emitted more efficiently, affecting the value of n more than for the less efficiently emitted wind of PSR J1119−6127. On the other hand, the difference in the two values of n could be because of a physical process outside of the neutron star that is affecting pulsar spin down, such as a supernova fallback disk as suggested by Menou et al. (2001) , or perhaps a relationship between n and α is behind the observed wide range of n. More precise measurements of α for the youngest pulsars are necessary, though often very difficult to achieve, to come to any conclusion about this relationship.
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